In recent years spacecraft designers have increasingly sought to use onboard Global Positioning System receivers for orbit determination. The superb positioning accuracy of GPS has tended to focus more attention on the system's capability to determine the spacecraft's location at a particular epoch than on accurate orbit determination, per se.
INTRODUCTION
and the position vector,r, and canbe visualizedas the angle betweenthe velocity vector and a planeperpendicularto the radiusvector:
The flight path angle is zero for a non-osculating circular orbit, which implies r. v = 0.
It is useful to consider an orthogonal set of perturbations in the radial, along-track, and crosstrack directions, 5rR,Srs,Sr c, and their time derivatives, denoted by 5vR,Svl,Sv c . Figure  1 
Effects of Poor Semi-Major Axis Knowledge

Along-track error growth.
A semi-major axis error reflects a period error (Eq. (2)) and the satellite will complete more or less than one actual revolution during its nominal period than predicted. For near-circular orbits, the resulting along-track error is
where the negative sign convention recognizes that if the actual period is less than nominal, the satellite ends up farther along in its orbit than nominal, which is taken to be a positive alongtrack error. Setting t = Tp in Eq. (10) gives the along-track error per revolution: 
which leadsto a commonrule of thumbtbr along-trackerror growth per orbit revolution, i.e. the alongtrack errorper revolution is equalto minusten times the semi-majoraxis error-'. 
where the partial derivative has been evaluated assuming a two-body potential, the error variance of the SMA in terms of the state error covariance is Figure 3 shows one means of graphically representing Eq. (16) for LEO scenarios. The two rules-of-thumb of Eqs. (6) LP J L,, JJl,=,.
A(xo)=[A_(xo),-A,(xo)]
(19) 
Absolute State Flight Performance
Twenty-one sets of absolute-state flight data results are shown in Table 1 , and in Figure 4 , the flight data are overlaid on a copy of Figure 3 . The data used in constructing these tables was extracted from Refs. Nearly all the flight data lie above the diagonal region in Figure 4 previously described as the "'sweetspot" tbr proper coordination of position and velocity. This indicates that, for these cases, GPS-derived velocity is not as good as GPS-derived position, so that GPS is not able to achieve good SMA accuracy. Cases J and B happen to lie in the "sweet spot," but Table 1 Table 1 describes.Although TOPEX's 112minuteperiod is approximately25% longer than the nominal period usedto produceFigures3 and4, its SMA is only 13% larger,an error which is not significant on the logarithmic scale the figures use. With this caveatin mind, it appearsthat the SA/AS-free case,CaseW, actually has a velocity that is good enough to produce an SMA error on the order of 30 m. However, its position solutions are not quite accurate enough, nor perhaps is its correlation of position and velocity, as Table 1 indicates its SMA error due be over 100 m. The RGPS results may be compared with Table 3 , which shows typical performance of the existing Shuttle rendezvous navigation system. The existing system consists of a rendezvous radar that provides range, range-rate, azimuth and elevation measurements to an extended Kalman filter that also utilizes acceleration data from an inertial measurement unit. The data were derived by comparison of the downlinked Shuttle relative navigation data to a laser-based BET produced after the flight. Although the relative GPS position accuracy shown in Table 2 is somewhat bet-20
ter than the relative position accuracy of the Shuttle's existing system shown in Table 3 , the GPS-based relative SMA is more than twice as inaccurate. The performance difference is primarily due to poorer relative velocity estimates from the RGPS filter, but also due to poorer correlation among position and velocity errors.
Another approach to GPS relative navigation is to directly difference the solutions from two GPS (shown in the last row of Table 5 ) was more accurate than RGPS filtered C/A code performance (Table 2) , and comparable to existing Shuttle rendezvous performance (Table 3) . There are no known flight results from an RGPS-type filter using P/Y-code measurements.
None of the flight data results presented utilize carrier phase data, which is commonly used in static surveying applications to achieve centimeter-level relative positioning. 
